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SI Materials and Methods
Bioinformatics algorithms and construction of phylogenetic trees. A collection of 55 high quality plant genomes (see Dataset S2, Table S1 ) were used as input for a customized version of plantiSMASH (http://plantismash.secondarymetabolites.org) (1) . To mimic the domain configuration of fungal bifunctional STSs, Terpene_synth (PF03936) and Polyprenyl_synt (PF00348) profile HMMs (http://pfam.xfam.org, DB version 30.0) were fitted into a custom gene cluster detection rule (see Dataset S2, Table S2 ). Fifteen such candidate STS clusters containing 21 PT-TPS gene pairs were identified, of which 20 originated from the Brassicaceae family. The same analysis was then performed using less stringent parameters (5x distance cutoff, allowing five times distance between PT and TPS genes), which resulted in the identification of an additional 31 candidate STS clusters containing 75 PT-TPS gene pairs from a total of 27 plant genomes (Dataset S2, Table S2 ).
Subsequently, the PF03936 profile HMM was used to collect all TPS-encoding genes from the 55 plant genomes, which resulted in the identification of 2,846 genes. 724 fungal genes, including 17 bifunctional TPS genes (2) were also collected with the same method but queried against the reference proteome database with taxonomic filtering set to 'Fungi'. Finally, 278 bacterial genes (same method, with filtering set to 'Bacteria') were included to act as an outgroup.
The pHMM hit regions (HR) from the previous step were used to act as phylogenetic markers for the subsequent steps. 3,848 HR sequences were aligned based on their pHMM hit information. All sequences were aligned using the hmmalign program from the HMMer suite (3) with default parameters. Predicted repetitive sub-sequences were discarded. The remaining sequences were manually trimmed for tree reconstruction, which was performed using FastTree (version 2.1) (4). The phylogenetic tree was visualized using iTOL software (5). Reliability tests were done using the FastTree-provided Shimodaira-Hasegawa test with 1,000x resamples without branch optimization. Four fungal bifunctional STSs and one and 15 TPS genes from the PT-TPS gene pairs identified using the high-and low-stringency cut-offs, respectively, were filtered out from this tree construction process and therefore not represented on the tree (detailed plant TPS gene IDs from the PT-TPS gene pairs are listed in Dataset S2, Tables S3-4).
Cloning and transient expression. Roots were harvested from 5-week old Arabidopsis thaliana Col-0 plants grown in a maintained glasshouse at 20 o C in a 16 h light/ 8 h dark cycle. Total RNA was extracted using the Trizol Plus RNA Purification Kit (Invitrogen) according to manufacturer's instruction. cDNA libraries were prepared using an Affinityscript QPCR cDNA synthesis kit (Agilent Technologies) according to manufacturer's instruction. AtTPS19 (At3g14540), AtTPS25 (At3g29410), AtTPS30 (At3g32030), AtGFPPS1 (At3g14530) and AtGFPPS3 (At3g29430) were amplified from the root cDNA library of the A. thaliana Col-0 accession using a two-step PCR protocol to introduce the extended attb1 & 2 sites at the 5' and 3' of the genes, respectively. Green florescent protein was cloned into the pEAQ-HT expression vector according to the literature (6) . Phusion High Fidelity DNA polymerase (New England BioLabs) was used for all PCR reactions. For PCR amplification, primers (synthesized by Sigma-Aldrich , Table S16 ) containing the attB adaptors for Gateway cloning were used to amplify target genes from cDNA in 10 l volume for 18 PCR cycles. The resulting PCR products served as templates for the second PCR step, which used full attB forward and reverse primers for amplification so that complete attB sequences were added to the gene of interest for Gateway cloning. The coding sequences of AtTPS17 (At3g14490), AtTPS18 (At3g14520), AtTPS22 (At1g33750), AtTPS29 (At1g31950) and AtGFPPS4 (At3g32040) were retrieved from TAIR and those of Cr237 (CARUB_v10016237mg) and Bo250 (LOC106343250) from NCBI. These sequences were synthesized by Integrated DNA Technologies to include the 5' and 3' attB sites for Gateway cloning. PCR amplicons and/or synthesized gene fragments were inserted into the pDONR207 (Gen R ) entry vector using standard Gateway cloning with BP clonase (Thermo Fisher Scientific). BP reaction products were transformed into chemically competent DH5cells by heat shock at 42 o C for 45 s and isolated plasmids harboring the desired inserts confirmed by sequencing (Eurofins). Confirmed genes were cloned into the pEAQ-HT (Kan R ) expression vector by standard LR reaction using Gateway LR clonase II (Thermo Fisher Scientific). pEAQ-HT expression vectors harboring the desired genes were transformed into Agrobacterium tumefaciens strain LBA4404 using a freeze-thaw protocol (7) . Transformed cells were rescued with LB medium (600 l) and incubated at 28 o C for 4 h before plating on LB agar plates (50 g/ml rifampicin, 50 g/ml kanamycin and 100 g/ml streptomycin) grown at 28 o C for 2 days. Positive colonies were inoculated into LB liquid broth and cultured at 28 o C overnight until the OD600 reached ca. 2.0. Cultures were pelleted at 3220 g for 5 min and re-suspended with MMA buffer (1 ml, containing 1 M MgCl2, pH5.6 MES buffer and 1% acetosyringone). Agrobacteria LBA4404 harbouring different expression constructs were then mixed accordingly to bring the OD600 for each construct to ca. 0.2 in the final solution for infiltration of N. benthamiana leaves. A. tumefaciens LBA4404 carrying green florescent protein in pEAQ-HT was used as control. The LBA4404 suspensions were infiltrated into the underside of leaves of 4-week old N. benthamiana plants using a syringe without a needle in triplicate. The infiltrated plants were grown in a maintained containment glasshouse (with a 16 h day/8 h night cycle) for five days before being harvested for analysis. Harvested leaves expressing different construct combinations were lyophilized and stored at -80 o C until analysis.
Metabolite extraction and GC-MS analysis. For qualitative analysis, N. benthamiana leaves expressing genes of interest were harvested 5 days post infiltration and lyophilized. Four dry leaf disks (ca. 10 mg in total) were homogenized with tungsten beads (Qiagen) and extracted with EtOAc (1 ml) with sonication for 0.5 h. The suspensions were centrifuged at 16,000 g for 2 min and the supernatants analyzed directly by GC-MS as described below. Freshly-harvested leaf material was used without lyophilizing for analysing potential volatile and semi-volatile sesquiterpene and diterpene products using the same extraction protocol as for extracting sesterterpenes but a modified GC-MS analysis protocol as described below.
For quantitative analysis of sesterterpenes in Col-0 A. thaliana, open flowers, young buds, young siliques, stems, leaves and roots were harvested from five-week old A. thaliana plants, flash-frozen and lyophilized. Seeds were harvested from dried mature A. thaliana plants and lyophilized. Aliquots (10.0 mg) of lyophilised material were homogenized into powder with tungsten beads and extracted with EtOAc (containing 10 g/ml nonadecane-d40 as an internal standard in a volume of 250 l with sonication for 0.5 h. Suspensions were centrifuged and 200 l of the supernatant dried under N2. Dry extracts were dissolved in EtOAc (50 l) and analyzed by GC-MS directly using the methods described below. Three biological replicates per treatment were analyzed. Standard curves were generated for (+)-arathanatriene (2) and (-)-retigeranin B (3) using the same sample preparation protocol and GC-MS methods. Briefly, samples containing 10 g/ml internal standard nonadecane-d40 and authentic (+)-arathanatriene (2) or (-)-retigeranin B (3) at concentrations of 0 ng/ml, 100 ng/ml, 500 ng/ml, 1 g/ml, 10 g/ml and 50g/ml were analyzed in triplicate by GC-MS. Standard curves were plotted using the area ratio of characteristic ions of the authentic compounds (quantifier) versus that of the internal standard, that is A(134)/A(98) for (+)-arathanatriene (2) and A(340)/A(98) for (-)-retigeranin B (3), against concentrations. All standard curves had a regression coefficient R 2 >0.99. (-)-ent-Quiannulatene (4) and (+)-astellatene (6) were quantified using the standard curve for (-)-retigeranin B (3).
GC-MS analysis was performed on an Agilent GC (7890B)-MSD (5977A) equipped with a robotic multi-purpose auto-sampler (MPS) and a Zebra-5HT INFERO capillary column (35mX0.25mmX0.1 m film thickness, phenomenex). A 1 l aliquot of each sample was injected in pulsed splitless mode into the GC inlet which was set at 250 o C. The pulse pressure was set at 20 psi for 0.5 min after injection. The inlet was purged after 0.5 min with a split vent flow at 100 ml/min. A gradient temperature GC program was used for qualitative and quantitative analyses of sesterterpenes. The initial temperature was set at 170 o C and held for 2 min, increased to 250 o C at 6 o C/min over 13 min, ramped up to 340 o C at 20 o C/min and held at 340 o C for 1 min. To examine possible sesquiterpenes and diterpenes produced by the selected TPSs, the GC temperature program was adjusted to: initial temperature 100 o C, held for 2 min, increased to 290 o C at 8 o C/min over 25.75 min and then ramped up to 340 o C at 40 o C/min and held for 5 min. The carrier gas was helium. The gas flow rate was constant at 1.0 ml/min. The GC and MS auxiliary interface was set at 280 o C. Metabolites eluted from the GC were ionized by electron impact (EI) ionisation with collision energy set at 70 eV. The temperatures of the MS quadrupler and source were set at 230 o C and 150 o C, respectively. MS signals were acquired in full scan mode with the scan range set from 60 to 800 Da.
Isolation of sesterterpenes following large-scale vacuum-infiltration of N. benthamiana leaves. Seed cultures of A. tumefaciens LBA4404 harboring expression constructs for the relevant GFPPSs and STSs were prepared as described above and 100 ml inoculated into 1 l LB broth containing 50 g/ml rifampicin, 50 g/ml kanamycin and 100 g/ml streptomycin. Cultures were incubated in a shaker (28 o C and 220 rpm) for about 15 h until the OD600 reached ca. 2.0. A. tumefaciens cells were pelleted by centrifuging at 6500 g for 25 min. Supernatants were discarded. The pellets were then resuspended in MMA buffer (200 ml) and kept in the dark for 1 h before performing vacuum infiltration. Batches of four N. benthamiana plants were simultaneously infiltrated as previously described (8) with modifications using a custom-built vacuum chamber equipped with an oil pump. Briefly, the A. tumefaciens suspensions containing the different expression constructs were mixed and topped up to ca. 10 l with MMA buffer in a 10 L basin. Plants were secured in a rack and inverted to submerge the leaves into the bacterial suspension in the basin. The basin was placed into a vacuum chamber and the plants vacuum-infiltrated by imposing a vacuum to ca. 0.1 bar followed by venting. The plants were then maintained in a containment growth room (16h day, 8h night) for five days before the leaves were harvested and lyophilized. Dried leaf material was ground to a powder using a mortar and pestle and extracted with n-hexane at room temperature with agitation for three days. Extracts were filtered each day and the leaf material re extracted with fresh solvent. Extracts were then combined, dried in vacuo and purified by silica column chromatography (SCC) using an Isolera One (Biotage) automatic flash purification system. (2) . N. benthamiana plants (184) were co-infiltrated with A. tumefaciens strains containing AtGFPPS1 (At3g14530) and AtTPS18 (At3g14520) expression constructs. Five days later, 90 g of the dried leaf material was extracted with n-hexane (1.5 l per day) for three days. Combined extracts were dried in vacuo and dried extracts subjected to SCC using 100% n-hexane as an eluent, yielding (+)-arathanatriene (102.0 mg) as a colorless liquid.
Isolation of (+)-arathanatriene

Isolation of (-)-retigeranin B (3)
. N. benthamiana plants (100) were co-infiltrated with A. tumefaciens strains containing AtGFPPS1 (At3g14530) and AtTPS19 (At3g14540) expression constructs. Dried leaves (70 g) were extracted with n-hexane (1 l per day) for three days. Combined extracts were purified by repeated SCC using 100% n-hexane as an eluent, yielding (-)-retigeranin B (13.0 mg) as a colorless liquid.
Isolation of (-)-ent-quiannulene (4) and (-)-variculatriene A (5). N. benthamiana plants (69)
were co-infiltrated with A. tumefaciens strains containing AtGFPPS3 (At3g29430) and AtTPS25 (At3g29410) expression constructs. Dried leaves (110 g) were extracted with n-hexane (1 l per day) for three days. Combined extracts were purified by SCC using 100% n-hexane as the eluent to give pure (-)-variculatriene A (3.5 mg) as a colorless liquid, and fractions containing a mixture of (-)-ent-quiannulatene and mainly saturated wax that could not be separated by SCC. The fractions containing (-)-ent-quiannulatene were pooled and dried in vacuo to give a wax solid (292 mg) which was recrystallized from hot acetone repeatedly to remove the majority of the wax precipitate. Purified mother liquor from recrystallization was concentrated under N2 and further tritrurated with EtOH to precipitate the remaining wax. After centrifugation, the supernatant was transferred to another vial and dried under N2 to yield (-)-ent-quiannulatene (3.7 mg) as a colorless liquid. Isolation of (+)-astellatene (6) . N. benthamiana plants (70) were co-infiltrated with A. tumefaciens strains containing AtGFPPS4 (At3g32040) and AtTPS30 (At3g32030) expression constructs. Dried leaves (70 g) were extracted with n-hexane and the extracts purified by SCC using 100% n-hexane as eluent, to obtain fractions containing (+)-astellatene and saturated wax contaminant. The fractions were pooled and dried in vacuo. Repeated recrystallization from hot acetone was then carried out as described for (-)-ent-quiannulatene to yield (+)-astellatene (4.2 mg) as a colorless liquid. Isolation of (-)-caprutriene (7) . N. benthamiana plants (48) were co-infiltrated with A. tumefaciens strains containing AtGFPPS1 (At3g14530) and Cr237 expression constructs. Dried leaves (28.3 g) were extracted with n-hexane and the extracts purified by SCC using 100% nhexane as eluent to yield (-)-caprutriene (27.0 mg) as white solid. Single crystals were obtained by slow evaporation of a solution of (-)-caprutriene in n-hexane-acetonitrile. (9) . N. benthamiana plants (52) were co-infiltrated with A. tumefaciens strains containing AtGFPPS1 (At3g14530) and Bo250. Dried leaves (32 g) were extracted with n-hexane and the extracts purified by SCC using 100% nhexane as eluent to yield (+)-boleracene (17.3 mg) and aleurodiscalene A (2.1 mg) as white solid. Single crystals of (+)-boleracene (8) and (-)-aleurodiscalene A (9) were both obtained by slow evaporation from n-hexane-acetonitrile solutions. (16) . N. benthamiana plants (136) were co-infiltrated with A. tumefaciens strains containing At3g14530 (AtGFPPS1) and At3g14540 428Asp (AtTPS19 428Asp ). Dried leaves (120 g) were extracted with nhexane (1.5 l per day) for three days. Combined extracts were purified by SCC using 100% nhexane as eluent to furnish (-)-fusaproliferene (14, 13.1 mg, colorless oil), ( Chemical synthesis of sesterterpene derivatives (10-13) for X-ray diffraction analysis. Chemicals and solvents were purchased from Sigma-Aldrich or Merck Millipore unless otherwise stated. Thin layer chromatography (TLC) was carried out using silica gel 60 F254 plates (Merck KGaA) and standard vanillin stain for visualization. Silica gel 60 (0.015−0.040 mm) from Merck was pre-treated with 5% Et3N for purification of acid sensitive epoxides. Synthetic schemes and crystal structures are shown in Fig. 3 . Epoxidation of compounds 10 and 12 with meta-chloroperoxybenzoic acid (m-CPBA) was performed at low temperature (-78 o C) to achieve high stereo-excess as described in the literature (9) .
Isolation of (+)-boleracene (8) and (-)-aleurodiscalene A
Isolation of (-)-fusaproliferene (14), (-)-variculatriene B (15) and (+)-aleurodiscalene B
Synthesis of (+)-bis-epoxy-arathanatriene (10) by epoxidation of (+)-arathanatriene (2) with m-
CPBA. (+)-Arathanatriene (MW=340, 15 mg, 44 mol) was dissolved in diethyl ether (1 ml) and the resulting solution chilled with dry ice. m-CPBA (77%, MW = 172.6, 35 mg, 0.16 mmol) was then added to the solution in one lot. The resulting solution was left in dry ice for 30 min before quenching with saturated NaHCO3 solution (1 ml). Reaction products were then extracted with diethyl ether (3 x 1 ml). Combined ether extracts were dried under N2 and purified by SCC (preneutralized with 5% Et3N) using gradient hexane/Et2O (100:0 to 92:8) as eluents. Fractions containing the (+)-bis-epoxy-arathanatriene (based on TLC and GC-MS) were pooled and dried in vacuo to yield pure (+)-bis-epoxy-arathanatriene (12 mg, 73%) as a white solid. (+)-bis-Epoxyarathanatriene (10) was crystallized by slow evaporation from hexane to form colourless prism crystals which were subjected to X-ray diffraction analysis.
Synthesis of (-)-retigerenone (11) by allylic oxidation of (-)-retigeranin B (3).
To a suspension of pyridinium dichromate (PDC, MW=376.2, 25 mg, 66mol) in DCM (0.5 ml) at 0 o C was added a solution of (-)-retigeranin B (MW=340, 20 mg, 28 mol) in DCM (1 ml). To the resulting mixed suspension was added slowly a solution of tert-butyl hydroperoxide (TBHP, 5-6 M in decane, 25 l). The reaction mixture was then shaken at 4 o C for 6 h. The reaction was quenched by filtering through a silica plug upon the consumption of the starting material as monitored by TLC and GC-MS and further eluted with diethyl ether (3 x 1 ml). The combined filtrates were dried under N2 and dried products purified by SCC to yield (-)-retigerenone (7.4 mg, 37%) as a colorless wax. Single crystals of (-)-retigerenone (11) for X-ray diffraction analysis were obtained by slow evaporation of the acetone solution.
Synthesis of (-)-epoxy-ent-quiannulatene (12) by epoxidation of (-)-ent-quiannulatene (4) with m-CPBA.
(-)-ent-Quiannulatene (MW=340, 20 mg, 58 mol) was dissolved in diethyl ether (0.7 ml) in a vial which was chilled with dry ice afterwards. To the solution was then added m-CPBA (77%, MW = 172.6, 84 mg, 0.37 mmol) in one lot. The resulting solution was left in dry ice for 30 min before quenching with saturated NaHCO3 solution (1 ml). Reaction products were extracted with diethyl ether (3 x 1 ml). Combined ether extracts were dried under N2 and purified by silica (pre-neutralized with 5% Et3N) column chromatography using gradient hexane/Et2O (100:0 to 99:1) as eluents. Fractions containing (-)-epoxy-ent-quiannulatene (based on TLC and GC-MS) were pooled and dried in vacuo to yield pure (-)-epoxy-entquiannulatene (14 mg, 67%, white solid). (-)-Epoxy-ent-quiannulatene (12) was crystallized by slow evaporation from hexane to form colourless cubic shape crystals which were subjected to X-ray diffraction analysis.
Synthesis of (-)-epoxy-astellatene (13) by epoxidation of (+)-astellatene (6) with m-CPBA. (+)-
Astellatene (MW=340, 6 mg, 18 mol) was dissolved in DCM (0.7 ml). To the solution was then added m-CPBA (77%, MW = 172.6, 40 mg, 0.18 mmol) in one lot. The resulting solution was left at room temperature for 30 min before quenching with saturated NaHCO3 solution (1 ml). Reaction products were then extracted with hexane (3 x 1 ml). Combined hexane extracts were dried under N2 and purified by SCC (silica pre-neutralized with 5% Et3N) using gradient hexane/Et2O (100:0 to 95:5) as eluents. Fractions containing the astellatene epoxide (based on TLC and GC-MS) were pooled and dried in vacuo to yield pure (-)-epoxy-astellatene (3 mg, 48%) as colourless glass. (-)-Epoxy-astellatene (13) was crystallized by slow evaporation from binary solvent system hexane-acetonitrile to form colourless prism crystals which were subjected to X-ray diffraction analysis.
Structural characterization of sesterterpenes by NMR and other spectroscopic techniques.
Standard 1D and 2D NMR spectra including 1 H, 13 C, DEPT135, COSY, HSQC, HMBC and NOESY were acquired on a Bruker 400 MHz Topspin NMR spectrometer. All signals were acquired at 298 K. Samples were dissolved in CDCl3 or C6D6 for data acquisition and calibrated by referencing to either residual solvent 1 H and 13 C signal or TMS. Detailed structural assignments and tabulated NMR data for compounds 2-16 were presented in the Tables S1-15. Optical rotations of compounds 2-16 were measured in benzene using a PerkinElmer Polarimeter (Model 341) with a 100 mm path cell (1 ml) at 20 o C and converted to specific optical rotation using equation [ ] D 20 = 100 x (measured optical rotation)/concentration (g/100ml).
Single crystal X-ray diffraction analysis. Single-crystal X-ray analysis was carried out for 7, 8, 9, 10, 11, 12, 13 on a Bruker D8-QUEST instrument equipped with a PHOTON-100 area detector and Incoatec IS Cu microsource (wavelength = 1.5418 Å, beam diameter at the crystal ca 100 m). Crystals were mounted on an X-ray transparent loop (Mitegen) using an inert oil and cooled to 180(2) K using an open-flow N2 cryostat. Data were collected and processed using the APEX3 software package (Bruker). Structures were solved and refined using SHELXT and Mutagenesis of AtTPSs17, 18, 19, 25 and 30. Site-directed mutagenesis was performed by PCR amplification using the entry vector pDONR207 harbouring the wild type genes as templates and the mutated complementary sequences as primers as listed in the Table S17. DMSO (5%) was added to the PCR reaction to alleviate formation of primer dimers. PCR-amplified products were purified with a PCR quick purification kit and eluted with 15 l elution buffer. The purified products were digested with DpnI (New England Lab) at 37 o C with agitation at 500 rpm for 2 h to remove the original methylated plasmids before transformation into competent cell DH5by heat shock at 42 o C for 45 s. The transformed cells were rescued with LB medium (0.3 ml) at 37 o C for 2 h and plated on gentamycin (20 g/ml) containing LB agar plates which were incubated at 37 o C for 16 h. Positive colonies were inoculated into LB-gentamycin broth (10 ml) and cultured at 37 o C for 10 h. Plasmids were extracted from the cultures and mutations were confirmed by sequencing (Eurofins). Mutagenized genes were gateway cloned into the pEAQ-HT expression vector, transformed into LBA4404 and co-expressed with LBA4404/GFPPS1 in our transient tobacco expression system as described in the Cloning and transient expression section.
Quantum chemical calculations.
All quantum calculations were performed with the GAUSSIAN09 software suite (12) . Geometries were optimized using the B3LYP density functional theory (DFT) method and the 6-31+G(d,p) basis set (13) . All stationary points were characterized as minima or transition state structures using frequency calculations. All reported energies include zero-point energy corrections (unscaled) from these frequency calculations. mPW1PW91 single point energies were calculated for all structures (14) . These methods are well established for examining carbocation rearrangement reactions (15 (Fig. 1B) . TPS genes selected for functional validation in this work were highlighted in bold.
Figure S1B | A phylogenetic tree of all TPSs from PT-TPS gene pairs identified using our customized algorithm with both high and low stringencies. TPSs from the PT-TPS gene pairs identified with high stringency were highlighted in red. The tree was constructed using the same parameters as described in the main text for constructing the large TPS tree (in Fig. 1B) . 
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